Abstract-This paper presents a state space model of a two quadrant chopper and a PWM inverter Fed Interior Permanent Magnet Synchronous Motor (IPMSM) Drive System and its application to Hybrid Vehicles. Using the step-up chopper, a capacity of the battery can become smaller, and regenerate power under braking. The drive system based on optimal control theory for variable multi-output objects is controlled by variable control strategy such as Maximum Torque/Ampere control. The validity of this model and usefulness for control strategy is confirmed from simulation results.
I. INTRODUCTION
Recently, unfavorable Earth Environment due to exhaust gas from cars becomes more serious and crude prices are continuing to show fantastic rises. The government is urged to take new measures to against these problems. One of these problems is development of the Hybrid Vehicles using an PMSM [1] ~ [3] . It is considered to the inverter supply voltage is more higher as means to improve output of a motor more high. But using a battery as the supply, it is necessary to use many batteries in series to increase the voltage, the voltage is higher and also, the more numbers of batteries. The cost is higher and that capacitor of batteries occupies more space. Variable voltage system is presented to solve such as problem by using a buck-boost chopper. The inverter voltage can be varied optionally by the buck-boost chopper, then the number of batteries decrease. In this paper, a model of a two quadrant chopper and a PWM inverter-fed IPMSM drive system for Hybrid Vehicles is presented together with an equivalent circuit of the IPMSM taking core loss into account. A hybrid vehicle may be operated under variable load torque conditions. Some torque control strategy such as maximum torque control and efficiency optimized control are presented. The control system applied on the optimal regulator theory is operated by algorithm utilizing Maximum Torque /Ampere control. Its application to Hybrid Vehicles is confirmed by using the reduced IPMSM model and driving the IPMSM by the quadrant chopper and PWM inverter to regenerate the power by switching to the buck-boost chopper. The validity of the model is confirmed from simulation results.
II. MODELING OF THE DRIVE SYSTEM
A two quadrant chopper and PWM inverter-fed IPMSM drive system is shown in Fig.1. In Fig.1 , the resistance R and inductance L are the internal resistance and inductance of the battery. Fig.2 shows equivalent circuits in motoring and regenerating mode of the two quadrant chopper. The following equations are obtained from Fig.2 . Under motoring action in Fig.2(a) ,
Under regenerating action in Fig.2 S off,S on in Fig.1 ) multiplying by a duty factor α and a state equation off state ( 7 8 S on,S off in Fig.1 )by multiplying a duty factor (1-α ) is got the average as control input α . Then the next equations are expressed by the State Space Averaging method. 1 1 
Control Inputs of the state space model of the IPMSM drive system are the d-q axes voltages , 
III. CONTROL STRATEGY
It is necessary to control both the amplitude and phase of the armature current of the IPMSM for torque control. Recent control strategies of the IPMSM are Maximum Torque /Ampere control(MTPA control) [4] , Maximum Torque /Flux control (MTPF control) and Maximum Efficiency control (ME control) [5] as follows.
A. Maximum Torque / Ampere Control (MTPA control)
A condition producing maximum torque and minimum magnetizing current exists. Therefore, the copper loss becomes minimum, because the magnetizing current is minimum. In order to simplify torque equation, see Eq.(A-6), the torque equation is expressed using the following relations. is obtained.
Then, the error i e can be defined as,
The error i e can be controlled to be zero according to Maximum Torque/Ampere control algorithm.
B. Maximum Torque / Flux Control (MTPF control)
In order to simplify the torque equation, the torque is expressed using the following relations.
( )
The condition minimizing the linkage flux exists to identical developed torque. Rewriting the equation (A-6),
C. Maximum Efficiency Optimization (ME control)
A controllable loss is defined from copper loss and iron loss in terms of the magnetizing current components can be written as follows: 
Where,
, 2 / , 2
The q-axis magnetizing current can be written from the torque as follows. 
It is seen from Eq. (20) that there is a value of md i at which the controllable loss is minimum as well as the efficiency is maximum. This value of md i can be defined as the optimal daxis magnetizing current md i . Fig.3 shows comparison of the efficiency map among the Maximum Torque/Flux control (MTPF), Maximum Torque /Ampere control MTPA and Maximum Efficiency control (ME). The maximum efficiency operation is expected over wide range from Fig.3 . The higher efficiency by MTPF control is obtained more than MTPA in high speed range.
IV. CONTROL SYSTEM STRUCTURE
Linearizing state equations at steady state operating points and output equation of the IPMSM drive system, discrete time forms are presented as follows.
( 
A. Error System
The desired values are defined as follows.
The error for speed control and error for efficiency optimization are defined as following equations,
A first difference of the error is defined as follows.
Where, Δ means an operator for the first difference of the state variable and the error as follows.
( ) ( ) ( )
The error for efficiency optimization is given as,
Augmented system called error system which selects new state variables as the errors and the first deference of state variable is defined as follows. Where, m I is Unit matrix.
Assuming the desired value is a step change, Quadratic performance index is defined as, 
It is known the matrix P converges to the constant matrix at steady state. The basic control system structure applied on the optimal regulator is shown in Fig.4 .
V. SIMULATION RESULTS
In order to confirm the validity of the proposed model, some simulation studies are carried out utilizing MATLAB and SIMULINK using the laboratory machine. The testing machine constants are shown in Table 1 . In order to simulate by the reduced model , the inertia of the reduced IPMSM drive system is referred to the real Hybrid Vehicles considering the car weight. The car weight of the testing drive system is 14.25 Kg and then the moment of inertia J is 0.117[ The control system configuration used in simulation is shown in Fig.5 . The quadrant chopper is also controlled by the optimal regulator. In order to utilize such as MATLAB or the looh-up table method [5] , it is necessary to prepare the feedback gain file shown in Eq.(31) and (32) in advance.
The system consists of the PWM inverter and two quadrant chopper to switch the buck chopper and boost chopper which can control the DC link voltage and the battery to store regenerative energy temporarily. In this model, the output of the IPMSM is restricted to the maximum 20 KW. Fig.6 shows simulation results using the reduced model. Fig.6(a) shows responses for variable speed considering for fuel mode under the assumption to the application of the hybrid vehicle. Fig.6(b) shows responses for the desired magnetizing values for Maximum Torque/Ampere control. The d-axis magnetizing current is controlled to the desired value satisfying the Maximum Torque/Ampere control algorithm. Fig.6 (c) shows responses for the battery current. The part below zero line means to regenerate the power to the supply. The DC link voltage is controlled to be 200[V] shown in Fig.6 .(e). Fig.6(f) shows the output, copper loss and iron loss. The iron loss rises according to the output increase , the copper loss varies by step change under acceleration.
VI. CONCLUSION
In this paper, the IPMSM drive system for Hybrid Vehicle is modeled from a view point of the state space method. Variable control objects such as speed control, maximum efficiency operation, Maximum Torque/Ampere control are realized by applying the multi-input and multi-output optimal regulator theory simultaneously. Regarding simulation results, it can be concluded that the speed response with Maximum Torque/Ampere control is achieved good response, and the desired DC voltage with unity power factor of the source is achieved by using the proposed optimal regulator control system. The maximum efficiency control algorithm of the whole system including the maximum efficiency operation of the two quadrant chopper will be carried out in near future. 
